Introduction
Glutamate is the major excitatory neurotransmitter in the mammalian central nervous system. There are multiple receptors for glutamate: in addition to the fast transfer of information via the recently cloned receptors for AMPA [(RS)-y-amino-3-
hydroxy-5 -methyl-4-isoxazolepropionate]/kainate
[ l ] and the high-affinity kainate receptor [2] , Ca+ influx via the post-synaptic N-methyl-i>-aspartate (NMDA) receptor is implicated in memory and learning [ 3 ] . The NMDA receptor, subunits of which have also been cloned [4] , is also associated with the excitotoxicity of glutamate released in an uncontrolled fashion during brain ischaemia [S] . In addition to these ionotropic receptors, G-protein metabotropic glutamate receptors have been characterized [6] and cloned [4] , coupled via phospholipase C to phosphoinositide hydrolysis, and more recently to cyclic AMP regulation [7] .
Glutamate release
The presynaptic mechanisms controlling the release of glutamate can be investigated at the level of the brain slice, neuronal cell culture or isolated nerve terminal. We have exploited this last preparation (also termed the synaptosome) using predominantly fluorometric techniques to determine the relationships between K + -channels, Ca' + -channels and glutamate release ( Figure 1 ; for reviews see [8-lo] In addition to vesicular glutamate, the synaptosomes maintain a high concentration of glutamate in their cytoplasm. A gradient of > 1000-fold is maintained across the plasma membrane by the action of the acidic amino acid carrier, transporting a glutamate anion with (probably) 3Na+ in exchange for 1K+ [9] . This carrier is electrogenic and operates close to thermodynamic equilibrium, with the result that, when the plasma membrane is chronically depolarized, for example by elevated KCI, there is a redistribution of glutamate out of the cytoplasm [ 161. This carrier-mediated Ca2+ -independent release of glutamate is accompanied by aspartate, which is present in the cytoplasm but which does not appear to have access to the lumen of the synaptic vesicles [17] . During the normal millisecond time-course of physiological depolarization this carrier-mediated glutamate release would be negligible; however, it is an important component of most in vitro experiments and appears to be the major contributor to the massive excitotoxic release of glutamate which occurs in ischaemia.
The Caz+-channel coupled to amino acid release T o investigate glutamate exocytosis it is necessary to initiate the process by depolarizing the synaptosoma1 preparation. The classic method of elevated KCl activates Ca2+ channels causing a biphasic entry of 45Ca [ 181 which generates a slight 'spike' in cytoplasmic free Ca2 + concentration (monitored by preloaded fura-2) followed by a prolonged plateau. The release of glutamate may be followed by a parallel fluorometric assay [ 191 monitoring + channels, still leads to a release of glutamate on Ca2+ readdition. This non-inactivating Ca2+ channel coupled to the release of transmitter glutamate does not fall into any of the three categories originally defined for the neuronal cell body (for review see [ZO] ). Firstly, it is not an I,-channel since it is insensitive to dihydropyridine antagonists. Secondly, it is not a T-channel as it requires depolarization to beyond -30 mV for activation and is non-inactivating. Finally it is not an N-channel, as judged by its insensitivity to Wconotoxin GVIA.
It should be emphasized that there is no single 'exocytosis-coupled CaZ+ channel. The sensitivity of synaptosomes to Ca2' channel inhibitors varies according to the transmitter studied, the brain region and the species. Thus, depolarization-evoked 45Ca entry into chick synaptosomes is inhibited extensively by conotoxin [21] , in contrast to rat synaptosomes. As a generalization, catecholamine release is frequently inhibited by conotoxin (e.g. [22] ) while neuropeptide release is frequently sensitive to I,-channel antagonists [23] .
A fourth category of channel, termed the P-channel, has been described by the group of Llinas [24] . This channel is sensitive to FTX (a partially characterized polyamine fraction of the venom of the funnel web spider Agelenopsis aperta) present on post-synaptic spines of cerebellar Purkinje neurons [24] . Very high concentrations of FTX will also inhibit depolarization-evoked "'Ca uptake into rat cerebrocortical synaptosomes [25] , while submicromolar concentrations of a polypeptide toxin from the A. aperta venom (Aga-IVA) inhibit the rapid phase of KCI-evoked synaptosomal "'Ca entry [26] . In our laboratory we have taken the approach of screening toxin fractions from A. aperta for their ability to inhibit KCl-evoked glutamate release. One promising toxin, termed Aga-GI, inhibits the sustained phase of KC1-evoked 4sCa entry (compare with Aga-IVA above) and totally blocks the evoked release of glutamate 1271. Aga-GI, which is currently being characterized, has no effect upon the glutamate release evoked by the Ca2+ ionophore ionomycin, consistent with a Ca2 + -channel locus of action.
The role of localized Ca2+ gradients
Electrophysiological studies indicate that the delay between the arrival of the action potential at the nerve terminal and the release of transmitter glutamate is substantially less than 1 ms. Particularly as 99.99% of the cytoplasmic Ca2+ appears to be bound (a contrast of 0.2 pM free Ca2+ with 2 mM total Ca2+), it is evident that there is insufficient time for the Ca2 + entering through voltage-activated Ca2+ channels to diffuse a significant distance from the mouth of the Ca2+ channel. Mathematical modelling of events at the neuromuscular junction [28] , and direct fura-2 imaging of the squid giant synapse [29] , have indicated that synchronous activation of arrays of Ca2+ channels can lead to very high localized Ca2+ concentrations at the active zones immediately adjacent to the plasma membrane.
With a diameter of about 1 pm, only slightly greater than the wavelength of visible light, the central nervous system terminal is tiny compared with the neuromuscular junction or squid giant synapse, preventing Ca2+ imaging of gradients in individual terminals. However, it is possible to employ an indirect approach to establish the involvement of a high, localized Ca2+ in the release of transmitter glutamate. The fura-2 signal from a suspension of synaptosomes will report the voltageaverage Ca2+ concentration, [Ca2+], which would be an underestimation of the [Ca"] at such a release site. In contrast, if [Ca2+] is raised uniformly by a Ca2+ ionophore then the fura-2 signal will reflect the [Ca"] at the release site much more accurately. Analysis of the discrepancy between the volume-average fura-2 signals required for glutamate release by these two modes of Ca2+ entry will give an indication of the role of localized Ca2+ in the release of the amino acid.
What is observed [30] is quite striking. While an indicated volume-average [Ca2+] of 0.4 p M evoked by high KCI is sufficient for an extensive glutamate exocytosis, the same fura-2 signal evoked by ionomycin is totally ineffective (Figure 2 ). Ionomycin only triggers glutamate release when added at concentrations which virtually saturate the fura-2 signal ( > 5 pM) [30] . It Significantly, a representative neuropeptide, cholecystokinin, is released more efficiently by ionomycin than by KCl [ 301, suggesting that neuropeptide release is not controlled by localized Ca2+ 'hot spots', but rather by modest elevations in bulk cytoplasmic [Ca'+ 1. This finding rationalizes the observation that neuropeptides are not released by single action potentials, but rather require a repetitive train [32] , since only the latter would elevate the bulk cytoplasmic [Ca2 ' 3 sufficiently to induce release. Paradoxically, therefore, peptides are released by a high-affinity interaction with Ca2 + which is only evoked with repetitive stimulation, whereas amino acids are released by a low-affinity interaction which responds to individual action potentials.
The regulation of glutamate exocytosis
A presynaptic receptor could modulate release by directly affecting the intra-terminal efficiency of Ca2+-secretion coupling, by regulating Ca2+-channel activity or by regulating K + -channel activity and hence the characteristics of the action potential. It is important to appreciate that elevated KCI will usually mask this last mechanism, and that the mode of depolarization is therefore important.
The most potent inhibitor of glutamate release which is observed in KCl-stimulated synaptosomes [33] , brain slices [34] or primary neuronal cultures [35] is caused by adenosine acting on A,-receptors.
The inhibition is so potent that endogenously leaked adenosine in slice [36] or batch synaptosoma1 incubations is sufficient to cause a tonic inhibition of glutamate release which can be relieved by removal of external adenosine with adenosine deaminase, and maximized by an A, agonist such as cyclohexyladenosine. The A, receptor does not appear to be present on y-aminobutyric acid (GABA)ergic synapses and thus does not affect GABA release [34] .
Although ATP is co-stored and released with catecholamines and acetylcholine [ 371 the amount of ATP which is released from cortical synaptosome preparations by Ca2+ -dependent depolarization is very small in comparison with the release of glutamate [38] , and it is unlikely that ATP is costored with glutamate in the same vesicles. It is possible that the bulk of the adenosine is released in a Ca2+-independent manner from the cytoplasm by reversal of the Na+ -coupled adenosine carrier under conditions where energy levels, and hence the plasma membrane Na+-electrochemical gradient, were compromised [39] . This would inhibit glutamate exocytosis and decrease the risk of an excitotoxic accumulation of the amino acid under these conditions when glutamate re-uptake would also be inefficient. Thus, the adenosine agonist 2-chloroadenosine can attenuate kainate-evoked toxicity in the brain [40] . The molecular mechanism of the adenosine inhibition is unclear. Because it can be observed during KCI-evoked exocytosis a likely locus is the presynaptic glutamate-coupled Ca2+ channel. However, only a slight decrease in the KCI-evoked volume average [Ca2+] is observed after adenosine pretreatment.
In addition to adenosine, a muscarinic inhibition of endogenous glutamate release from hippocampal synaptosomes has been reported [4 I], while 5-hydroxytryptamine (SHT,) receptors inhibit glutamate release from cerebellar synaptosomes [42] and D, dopaminergic receptors regulate the release of glutamate from striatal synaptosomes Although the small size of synaptosomes precludes electrical stimulation, it is possible to induce the firing of spontaneous repetitive action potentials in synaptosomes by inhibiting the K+-A-channel [44, 451 . This channel normally operates to stabilize the plasma membrane potential against spontaneous fluctuations by opening rapidly in response to slight depolarizations, aiding the restoration of the resting membrane potential. The mamba neurotoxin dendrotoxin [46] , or more conveniently 0.1-1 mM 4-aminopyridine (4AP), inhibits the synaptosomal A-channel with the result that the plasma membrane potential is destabilized and the terminals fire spontaneous tetrodotoxin-sensitive action potentials [45] . The Ca2+-channel which opens in the presence of 4AP appears to be predominantly the non-inactivating component seen with elevated [431.
KCl: thus the same plateau of [Ca2+] is attained, but without the initial 'spike' and without the initial massive uptake of 45Ca which is seen with KCl in isotopic studies [45] . The 4AP-evoked channel shows the same high efficiency of coupling to glutamate and GABA release as in the presence of elevated KCI.
Synaptosomes contain isoforms of protein kinase C (PKC) [47] and phorbol esters potentiate the release of glutamate. With KC1-evoked release the stimulation of exocytosis is very small, and can largely be accounted for by an increase in basal glutamate release seen in the absence of KCl. In contrast, a massive stimulation of 4AP-evoked glutamate release is seen [48] , which is associated with an increased plateau fura-2 signal and an increased population average depolarization measured by Cyanine dye. Each of these changes is prevented by the PKC inhibitor Ro 31-8220. Furthermore, in the absence of phorbol ester the inhibitor causes a decrease in 4AP-evoked release, a decreased Ca2+-independent release, a lowered 4AP-evoked fura-2 and a hyperpolarization of the plasma membrane. This suggests that there is some tonic activation of PKC in the preparation, which will be discussed below. A promising hypothesis is that PKC, directly or indirectly, causes the inhibition of a K + -channel regulating the duration or intensity of the 4AP-evoked action potentials. Experiments at the squid giant synapse indicate that control of the delayed rectifier is an extremely potent means of regulating the release of the transmitter (probably glutamate 1491) from this preparation [SO] . In the present preparation, a delayed rectifier locus is supported by the finding that clofilium, which is a relatively specific inhibitor of delayed rectifier K'-channels [51] , mimics the actions of phorbol ester on the 4AP-evoked depolarization and glutamate release (E. T. Coffey and D. G. Nicholls, unpublished work). Interestingly, the non-specific delayed rectifier inhibitor triethanolamine (TEA) can enhance glutamate release and induce a novel form of longterm potentiation in the hippocampus [52] .
So far we have not addressed the question of the physiological activator *of presynaptic PKC. There is conflicting evidence for the ability of glutamate itself, via the phospholipase-C coupled metabotropic receptor, to regulate its own release.
The metabotropic agonist trans-1 -amino-1,3-cyclopentanedicarboxylic acid (ACPD) has been reported either to have an inhibitory presynaptic action [53, 541 or to broaden action potentials [55] ; this latter action would correspond to the PKC Volume 21 Figure 2 The role of local Ca2+ in the release of different classes of neurotransmitters from isolated nerve terminals 
